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Gramicidin AIntroducing a charged group near the N-terminus of gramicidin A (gA) is supposed to suppress its ability to
form ion channels by restricting its head-to-head dimerization. The present study dealt with the activity of
[Lys1]gA, [Lys3]gA, [Glu1]gA, [Glu3]gA, [Lys2]gA, and [Lys5]gA inmodelmembrane systems (planar lipid bilayers
and liposomes) and erythrocytes. In contrast to the Glu-substituted peptides, the lysine derivatives of gA caused
non-speciﬁc liposomal leakage monitored by ﬂuorescence dequenching of lipid vesicles loaded with
carboxyﬂuorescein or other ﬂuorescent dyes. Measurements of electrical current through a planar lipid mem-
brane revealed formation of giant pores by Lys-substituted analogs, which depended on the presence of solvent
in the bilayer lipidmembrane. The efﬁcacy of unselective pore formation in liposomes depended on the position
of the lysine residue in the amino acid sequence, increasing in the row: [Lys2]gA b [Lys5]gA b [Lys1]gA b [Lys3]gA.
The similar series of potency was exhibited by the Lys-substituted gA analogs in facilitating erythrocyte hemolysis,
whereas the Glu-substituted analogs showed negligible hemolytic activity. Oligomerization of the Lys-substituted
peptides is suggested to be involved in the process of nonselective pore formation.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The pentadecapeptide gramicidin A (gA) is a classical standard in
planar BLM studies, known to form ionic channels in artiﬁcial lipid
membranes with highly speciﬁc ionic selectivity and well-deﬁned
single-channel parameters, i.e. conductance and lifetime [1–3]. Numer-
ous data have shown subtle dependence of the single-channel parame-
ters on membrane lipid composition [4–10], favoring an idea that a
peptide-bilayer hydrophobic matching regulates structure and stability
of gA channels [11]. Based on an enormous bodyof evidence, itwas con-
cluded that gA channels may serve as a probe of membrane elastic
properties [12,13]. Electrophysiological experiments have also revealed
strong sensitivity of gA single-channel properties to sequence substitu-ine; EggPC, egg yolk phospha-
mine; gA, gramicidin A; SRB,
lfonated aluminum phthalocy-
brane; FCS, ﬂuorescence corre-
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Ml rights reserved.tions, especially at the N-terminus [14–20], thus supporting the
head-to-head dimeric structure of the gA channel [21–26]. However
none of the substitutions have led to signiﬁcant qualitative alterations
of the channel selectivity.
According to our recent experiments with decane-containing phos-
pholipid membranes formed by the Mueller–Rudin technique, intro-
duction of lysine into position 1 or 3 of gA abolishes the potency of
the peptide to form channels at pH 7, conditions where the amino
group of the lysine residue is positively charged, but retains potassium
conductance at alkaline pH [27]. In the present study, addition of
Lys-substituted gA analogs to solvent-free membranes induced not
only potassium conductance, typical of gA channels, but also pores of
much larger conductance that were permeable to compounds like
carboxyﬂuorescein and sulforhodamine B. The Lys-substituted peptides
also showed hemolytic activity being in good correlation with the
efﬁcacy of leakage induction in liposomes. These results are relevant
to our earlier data on unselective pore formation promoted by
polycationic gA analogs [28,29], which displayed an ability to transport
model proteins across the eukaryotic cell membrane [30]. Remarkably,
the protein transduction efﬁciency of the analogs did not depend on
the position of the polycationic cluster in the amino acid sequence. On
the contrary, the induction of unselective conductance by the
Lys-substituted peptides essentially depended here on the lysine posi-
tion in the gA sequence, being maximal for [Lys3]gA.
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2.1. Peptides and other chemicals
Derivatives of gramicidin A, i.e. [Glu1]gA (HCO-EGALAVVVW
LWLWLW-NH(CH2)2OH), [Glu3]gA (HCO-VGELAVVVWLWLWLW-
NH(CH2)2OH), [Lys1]gA (HCO-KGALAVVVWLWLWLW-NH(CH2)2OH),
[Lys2]gA (HCO-VKALAVVVWLWLWLW-NH(CH2)2OH), [Lys3]gA (HCO-
VGKLAVVVWLWLWLW-NH(CH2)2OH), [Lys5]gA (HCO-VGALKVVVWL
WLWLW-NH(CH2)2OH) were prepared by standard solid-phase
Nα-Fmoc methodology on 2-chlorotrityl chloride polystyrene resin
using the diisopropylcarbodiimide/1-hydroxybenzotriazole coupling
system. N-terminal formylation of peptides was conducted in the
presence of N-ethyldiisopropylamine using 2-nitrophenyl formate
[27,31]. The peptides were cleaved from the polymer and deprotected
with triﬂuoroacetic acid-1,2-ethanedithiol–triisopropylsilane–water
(95:2:2:1) for 2.5 h. The peptides were puriﬁed to N95% by RP-HPLC.
The molecular masses of the peptides were conﬁrmed by MALDI-TOF
MS. Unaltered gramicidin A (gA) was from Fluka.2.2. Liposome preparation
Liposomes were prepared by evaporating a 2% suspension of
asolectin (soy bean phosphatidylcholine, type IV from Sigma) or
other lipids in chloroform under a stream of nitrogen followed by
hydration in a buffer solution containing 100 mM KCl, 10 mM Tris,
10 mM MES, pH 7.0. The mixture was vortexed, passed through
a cycle of freezing and thawing, and extruded through 0.1-μm
pore size Nucleopore polycarbonate membranes using an Avanti
Mini-Extruder.2.3. Leakage assay
Liposomes loaded with sulforhodamine (SRB, Sigma) or
carboxyﬂuorescein (CF, Sigma) were prepared by extrusion through
100-nm ﬁlter (Avanti Mini-Extruder) from appropriate lipid in a
suspension containing 50 mM SRB or 100 mM CF titrated with
Tris-base. The unloaded CF was then removed by passage through
a Sephadex G-50 coarse column using 100 mM KCl, 10 mM Tris,
10 mM MES, pH 7.0 as eluting buffer. To measure the rate of SRB or
CF efﬂux, the liposomes were diluted in the same buffer, and the
ﬂuorescence at 590 nm(excitation at 560 nm) or at 520 nm(excitation
at 490 nm)wasmonitored with a Panorama Fluorat 02 spectroﬂuorim-
eter (Lumex, Russia), respectively. At the end of each measurement
0.1% Triton X-100 was added for the release of all trapped ﬂuorescent
dye.2.4. Electrophysiological study of interaction of substituted gramicidin A
with planar bilayer lipid membranes (BLM)
BLM were formed from a 2% solution of diphytanoylphosphati-
dylcholine (DPhPC; Avanti Polar Lipids) in squalene, unless otherwise
noted, by the brush technique [32] on a 0.5-mm diameter hole in a
Teﬂon partition separating two compartments of a cell containing
aqueous solutions of appropriate ions and buffer. The electrical
current was measured with a patch-clamp ampliﬁer (model BC-525C,
Warner Instruments, Hamden, CT), digitized by a LabPC 1200 (National
Instruments, Austin, TX), and analyzed by a personal computer with
the help of WinWCP Strathclyde Electrophysiology Software designed
by J. Dempster (University of Strathclyde, UK). The current was
low-pass ﬁltered with a cutoff frequency of 100 Hz. Ag/AgCl electrodes
were connected to the cell via agar–agar bridges containing 100 mM
KCl.2.5. Measurements of the diffusion electrical potential on the membrane
of liposomes estimated by DiS-C3-(5)
The diffusion electrical potential on the liposome membranes was
assayed using the potential-sensitive ﬂuorescent dye DiS-C3-(5)
(Molecular Probes), as described in [33,34]. Unilamellar lipid vesicles
from egg yolk phosphatidylcholine (Avanti Polar Lipids) were prepared
as described above in a solution of 200 mM KCl, 5 mM phosphate
buffer, pH 7.0. 2 μl of this suspension containing 20 μg liposomes
were added to 1 ml of a solution of 340 mM sucrose, 10 mM Tris,
and 10 mMMES, pH 7.0, containing 1 μM DiS-C3-(5). The ﬂuorescence
emission of DiS-C3-(5)wasmonitored at 690 nm(excitation at 622 nm,
5-nm slits).
2.6. Fluorescence correlation spectroscopy (FCS)
FCS measurements were carried out with a home-made FCS setup
[35] including an Olympus IMT-2 inverted microscope with a 40×, NA
1.2 water immersion objective (Carl Zeiss, Jena, Germany). A 633-nm
He–Ne laser was used for excitation of tetrasulfonated aluminum
phthalocyanine (AlPcS4) and Nd:YAG solid state laser with a 532-nm
for excitation of rhodamine. The ﬂuorescence that passed through
an appropriate dichroic beam splitter and a long-pass ﬁlter was
imaged onto a 50-μm core ﬁber coupled to an avalanche photodiode
(PerkinElmer Optoelectronics, Fremont, CA). The signal from an output
was correlated by a correlator card (Correlator.com, Bridgewater, NJ).
The data acquisition time was 120 s, and 3 to 5 curves were averaged.
Experimental curves were ﬁtted by the correlation function for
three-dimensional diffusion:
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with τD being the characteristic diffusion time during which amolecule
resides in the observation volume of radius r0 and length z0, given by
τD = r02/4D, where D is the diffusion coefﬁcient, N is the mean number
of molecules in the confocal volume [36].
2.7. Blood collection, preparation of red blood cells and kinetics of
hemolysis
Blood was collected from healthy volunteers into tubes containing
EDTA as anticoagulant. Red blood cells (RBC) were harvested by centri-
fugation (1500 ×g for 2 min), the plasmawas discarded, and the eryth-
rocyte pellet was washed thrice with sterile buffered saline. A 1% (v/v)
RBC suspension was made in PBS (l0 mM sodium phosphate, 150 mM
NaCl, pH 7.4). The time course of RBC lysis induced by the addition of
peptides was followed spectrophotometrically at 650 nm with an
Amersham Ultrospec 1100 spectrophotometer in a 1-cm cuvette at
37 °C and constant stirring. Human RBCs were suspended at a concen-
tration of 0.1% in PBS buffer. Initially the A650 value was approximately
0.5.
3. Results
The pore-forming activity of Lys-substituted gA analogs was exam-
ined here by using the dye-leakage assay which allows one to study
the formation of rather large pores in liposome membranes. For these
experiments, liposomes made of PC extracted from soy beans were
loaded with the ﬂuorescent dye sulforhodamine B (SRB) at a high
concentration (50 mM), so that the ﬂuorescence was abolished due to
concentration quenching. As seen from Fig. 1, the addition of both
[Lys1]gA and [Lys3]gA led to SRB efﬂux from liposomes, as judged by
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Fig. 1. Peptide-induced leakage of sulforhodamine B (panel A) or carboxyﬂuorescein
(panels B and C) from liposomes for Lys- and Glu-substituted gramicidin A derivatives.
A. Leakage of SRB from asolectin liposomes induced by [Lys3]gA, [Lys1]gA, [Glu1]gA,
and [Glu3]gA at t = 0. Concentrations were: lipid, 2 μg/ml; peptides, 1 μM; Triton
X-100, 0.1%. B. Leakage of CF from diphytanoylphosphatidylcholine (DPhPC) liposomes
induced by Lys-substituted gA derivatives and [Glu3]gA at t = 0. C and D. Concentra-
tion dependence of CF leakage induced by [Lys3]gA. In panel B concentrations were:
DPhPC, 7.5 μg/ml; peptides, 0.1 μM; Triton X-100, 0.1%. In panel C the concentrations
of [Lys3]gA are shown on the curves. We used the same curve in panel 1B ([Lys3]gA)
and in panel 1C (0.1 μM). The buffer was 100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.
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Fig. 2. The current across planar BLM after symmetric additions of [Lys3]gA and [Lys2]
gA (both 0.5 μM). The solution was 10 mM Tris, 10 mM MES, 100 mM choline chloride,
pH 7. BLMwas formed from a 2% solution of diphytanoylphosphatidylcholine in squalene.
BLM voltage was 90 mV.
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tive, similarly to gA (Fig. 1, blue, pink, and black curves). Noteworthy,
[Lys3]gA was more effective than [Lys1]gA in permeabilizing mem-
branes. To achieve the complete release of entrapped SRB from lipo-
somes, the detergent Triton X-100 was added at the end of each
experiment. Panel B of Fig. 1 demonstrates the ability of [Lys3]gA and
other Lys-substituted gA derivatives to release another ﬂuorescent
dye, carboxyﬂuorescein (CF), from liposomes formed from thesynthetic lipid DPhPC. Thus, the phenomenon of [Lys3]gA liposome
leakage was observed by using different markers for membranes of dif-
ferent compositions. The efﬁcacy of CF efﬂux depended on the lysine
position in the amino acid sequence being higher for [Lys3]gA than for
[Lys1]gA and [Lys5]gA, and especially than for [Lys2]gA. [Glu3]gA was
ineffective in this system (Fig. 1B, gray curve) as well as [Glu1]gA (not
shown). Panel C of Fig. 1 shows the dependence of the CF leakage on
the [Lys3]gA concentration in DPhPC liposomes: the effective concen-
trations of [Lys3]gA were about 0.1 μM at a lipid/peptide ratio of the
order of 100/1.
As mentioned above concerning our previous paper, [Lys3]gA at
рН 7 not only did not cause formation of giant channels, but also
did not induce classical potassium-selective channel activity even
when added at very high concentrations [27]. The inconsistency of
the planar BLM data with the present liposome experiments could
be explained, taking into account that in the previous paper the planar
BLM experiments were performed with membranes containing decane
as a solvent which could disturb [Lys3]gA channel-forming activity.
Therefore, here we decided to substitute squalene for decane in the
membrane-forming solution, because squalene is known to redistribute
fromplanar bilayer to the torus connecting the bilayer to the Teﬂon par-
tition, so that the membrane becomes practically solvent-free [37,38].
As seen from the recording obtained with the squalene-containing
BLM (Fig. 2, upper curve), large (of the order of 1 nS) irregular ﬂuctua-
tions of themembrane conductancewere observed after the addition of
[Lys3]gA to the bathing solution supplemented with 100 mM choline
chloride instead of potassium chloride. Control experiments with
unaltered gA never show so large current ﬂuctuations under these
conditions (data not shown). Along with the ﬂuctuations, [Lys3]gA
also induced an increase in the mean level of BLM conductance. The
irregular pattern of the ﬂuctuations favors against the formation of
channels having deﬁnite size. Rather, these ﬂuctuations could be attrib-
uted to the induction of large unselective pores, as previously found
with polycationic analogs of gA [28,39]. The recording presented at
the bottom of Fig. 2 shows that [Lys2]gA also induced current ﬂuctua-
tions, although of much lower amplitude than [Lys3]gA, under the
same conditions. Besides, the average currentwas substantially smaller.
Thus, in solvent-free membranes, we observed formation of high-
conductance pores which are most likely responsible for the [Lys3]
gA-induced liposome leakage presented in Fig. 1.
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observed in the presence of [Lys3]gA (Fig. 2), we studied the activity
of this peptide on the solvent-free planar BLM with the bathing solu-
tion containing 1М KCl. A typical current recording obtained after the
addition of [Lys3]gA to the bathing solution under these conditions
(Fig. 3A) showed regular current steps with the amplitude of about
1.4 pA (as judged from the current histogram shown in Fig. 3B,
i.e. about 18 pS) and duration of the order of 1 s, which resembled
the parameters of usual gA channels at 1 M KCl. This channel activity
had characteristic potassium selectivity, as evidenced by the shift of
the I–V curve under the conditions of KCl gradient on the membrane
(Fig. 3C). At the 200 mM/100 mM KCl gradient, the zero current
potential amounted to 17 mV (with the sign showing the cation
conductance), which is very close to ideal potassium selectivity of
the conductance, according to the Goldman–Hodgkin–Katz equation.
Therefore, it is reasonable to ascribe the large background BLM
conductance recorded at rather high concentrations of [Lys3]gA in the
choline chloride bathing solution (Fig. 2) to the formation of multiple
potassium channels by the peptide molecules due to traces of potassi-
um ions in the solution. Because of the small value of the single-
channel conductance at a low concentration of potassium ions, only
the increased total level (but not ﬂuctuations) of the potassium current
was detected.A
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100 mM KCl, pH 7.The channel-forming activity of the Lys-substituted gA analogs
was also estimated here from the potency of the peptides to generate
potassium-ion diffusion (membrane) potential across liposome
membranes by using the potential-sensitive dye DiS-C3-5 [34]. Upon
the addition of KCl-loaded liposomes made from EggPC to the buffer
solution (pH 7) containing 1 μM DiS-C3-5 and 340 mM sucrose (with-
out KCl), the DiS-C3-5 ﬂuorescence intensity decreased as a result of
the dye binding to liposomes (Fig. 4A). Subsequent additions (up to
0.5 μM) of [Lys1]gA led to further reduction of the ﬂuorescence intensi-
ty due to membrane potential generation under the conditions of the
K+ concentration gradient across liposome membranes. However, at
[Lys1]gA concentration of 5 μM there was an abrupt increase in the
ﬂuorescence intensity showing a drop of membrane potential. Similar
results were obtained with [Lys3]gA. Concentration dependences of
the DiS-C3-5 ﬂuorescence responses induced by Lys1-gA and Lys3-gA
were much alike, but differed substantially from that for gA (Fig. 4B),
namely: gA and the Glu-substituted peptides were effective in generat-
ing the diffusion potential at much lower concentrations than the
Lys-substituted analogs, but did not display a distinct tendency to
decrease the membrane potential at high concentrations.
To understand the mechanism of the unselective pore formation
in liposomes, we applied the FCS technique, which enables one to
track single ﬂuorescent particles. In contrast to the conventional dye60
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the membrane potential of K+-loaded liposomes monitored by the DiS-C3-(5) ﬂuores-
cence. Lipid concentration was 20 μg/ml.
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of a ﬂuorescent dye [35,40]. In FCS studies of liposomal content
release, we used AlPcS4 as a ﬂuorescent marker. The addition of both
[Lys1]gA and [Lys3]gA to EggPC liposomes loaded with AlPcS4 caused
a decrease in the number of high-amplitude peaks in the ﬂuorescence
intensity recording along with an increase in the level of the ﬂuores-
cence intensity signal (Figs. 5A,B) and also a reduction of the amplitude
of autocorrelation function G(τ) (Figs. 5C,D). These changes in the FCS
parameters reﬂected efﬂux of AlPcS4 from liposomes as a result of
membrane pore formation which led to disappearance of strongly
ﬂuorescent particles (liposomes with encapsulated dye molecules) ac-
companied by an increase in the total number of ﬂuorescent particles
(free dye molecules). Noteworthy, [Lys3]gA was effective in eliciting
the efﬂux of AlPcS4 at lower concentrations than [Lys1]gA. In particular,
the addition of 0.2 μM [Lys3]gA brought about the fast dye release from
liposomes, whereas [Lys1]gA at the same concentration produced only
slight effect. Experiments with gA, [Glu1]gA, and [Glu3]gA showed
that these peptides had no effect (data not shown). It could be expected
that the time course of the FCS signal would allow us to discriminate
between the two mechanisms of the liposome leakage: “all-or-none”
or “graded release”. The former case implies a decrease in the number
of ﬂuorescent particles without changes in their brightness, while the
latter case suggests a reduction of the brightness combined with the
constant number of ﬂuorescent particles. However, the results of ourexperiments were inconsistent with either of these mechanistic vari-
ants (Fig. 5), thereby implying a more complex mode of action.
As shown in [41], formation of large pores of regular size in erythro-
cyte membranes can be detected by measuring hemolysis and its os-
motic protection. Erythrocyte swelling is known to precede release of
hemoglobin and formation of ghosts, which suggests colloid-osmotic
shock as the mechanism of action of certain toxins. The osmotic imbal-
ance is associated with the presence of about 5 mM concentration of
hemoglobin in the cells (mean corpuscular hemoglobin concentration).
Upon the formation of pores permeable for potassium, sodium,
and chloride and impermeable for hemoglobin, the cells swell in the ab-
sence of osmoticants in the outer solution of the size exceeding the pore
diameter [41]. Fig. 6A shows the kinetics of hemolysis induced by differ-
ent concentrations of [Lys3]gA. Micromolar concentrations of the pep-
tide induced complete hemolysis in 10 min. Remarkably, hemolysis
was partially inhibited by carbohydrates and PEG (Fig. 6B). The osmotic
protection was more pronounced at lower peptide concentrations
suggesting that the size of the peptide-induced pores depended on
the concentration of the peptide (data not shown). Besides, the pores
were heterogeneous in size, as partial protection was attained with su-
crose and rafﬁnose and nearly complete protection –with PEG2000 and
PEG4000 havingmuch highermolecular diameter. As seen from Fig. 6C,
the Glu-substituted gA analogs did not cause hemolysis. The efﬁciency
of the Lys-substituted peptides also correlated with their activity on
liposomes, namely: [Lys3]gA was the most effective, [Lys2]gA had the
smallest activity, while [Lys1]gA and [Lys5]gAhad intermediate activity.
Gramicidin Awas also able to produce hemolysis under our experimen-
tal conditions (Fig. 6C) in agreementwith [42,43]. As gAwas ineffective
in induction of liposomal leakage, the mechanism of gA-activated
hemolysis differed from that of [Lys3]gA.
4. Discussion
The present study revealed that the lysine-substituted gA analogs
added at high concentrations to the bathing solution with neutral
pH could incorporate into lipid membranes to form structures that are
permeable for rather bulky molecules, such as SRB, CF, AlPcS4, and
choline cations. Remarkably, there is pronounced speciﬁcity with
respect to lysine position in the gA sequence, with [Lys3]gA having
much higher activity than [Lys2]gA (Fig. 1B and Fig. 2). The requirement
of high peptide concentrations for induction of unselective pores points
to involvement of oligomerization in the process of pore formation.
Based on the present results, two alternativemechanisms of membrane
permeabilization could be proposed. The ﬁrst one suggests that despite
the presence of the charged lysine residue, high lipophilicity of gA
makes the process of membrane incorporation of the cationic analog
energetically beneﬁcial, especially if other peptide molecules are locat-
ed in the neighborhood. Gradual accumulation of charges inside the
hydrophobic core of the membrane leads to local perturbation of the
lipid chain order, which ultimately, at some threshold concentration
of the peptide, results in the development of unselective membrane
permeability. Thus in the ﬁrst case, the peptide causes the appearance
of lipid defects in the membrane. The alternative mode consists in
formation of “barrel-stave” [44] structures by the peptides, with the
pore walls lined by peptide molecules, so that the charged lysine
residues are oriented towards the aqueous interior of the pore. Similar
pore structure was assumed for polycationic gA analogs [38] and Bax
protein carboxyl terminus [45]. Our observation of the substantial
sensitivity of the pore formation to the lysine position in the amino
acid sequence favors stronger the second model.
The ability of [Lys3]gA to form potassium channels, quite similar to
gА channels, which is revealed at neutral рН in solvent-free mem-
branes, but not in decane-containing membranes, could be associated
with a sharp dependence of the channel-forming potency on mem-
brane thickness. Actually, the dependence was observed for gA [46],
while the hydrophobic thickness of BLM was shown to increase upon
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series of squalene b hexadecane b decane [47]. The potassium conduc-
tance of the Lys-substituted gA analogs may be attributed to either
head-to-head helical dimers or double helices [27,48]. Taking into
account that the lysine residue in [Lys3]gA is supposed to be protonated
at pH 7, the double-helical model of the channel structure seems to
be more probable. However, the 1-second lifetime of these channels
(Fig. 3) in combinationwith their sensitivity to photodynamic inactiva-
tion (the data not shown) support the head-to-head channel
structure [48–50], which could be realized if the pKa value of Lys3 is
substantially shifted in themembrane. Earlier, large pKa shifts in lysines
of membrane proteins were repeatedly reported, suggesting that
lipid-bilayer membrane environment can drastically modulate the ion-
ization behavior of lysine residues [51–53].
Experiments with erythrocytes demonstrated good correlation
between hemolytic activity of the gA analogs and their potency to
cause liposomal leakage, except for the unaltered gA which was unable
to induce the dye release from liposomes, but possessed hemolytic ac-
tivity, in line with the literature data [42,43]. Based on sensitivity of
gA-induced erythrocyte swelling to DIDS, the well-known inhibitor of
chloride transport across membranes [54], the gA-induced hemolysismight involve some transport proteins locating in the erythrocyte
membrane, because the inﬂux of only cations (potassium and sodium)
without anions could not create the osmotic imbalance leading to
pronounced erythrocyte swelling. However, our data on the inability
of the Glu-subsituted gA analogs to induce hemolysis (Fig. 6C), while
being active in promoting the potassium conductance of liposome
membranes (Fig. 4B), argue against the participation of selective
proteinaceous transporters in the gA-induced hemolysis. Therefore, it
is reasonable to assume that inmembranes of certain lipid composition,
in particular in erythrocytes, gA is able to form unselective pores via the
oligomerization process, similar to [Lys3]gA. Thismodel is supported by
earlier data on the sophisticated concentration dependence of the
gA-mediated cation permeability of erythrocyte membranes [55,56].
Apparently, [Lys3]gA, similar to melittin and other polycationic pep-
tides, induced hemolysis via the mechanism involving the formation
of pores that are permeable not only to cations, but also to anions [57].
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